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Chapter 4 — Water deficit in low-mass young stellar objecRearseus

Abstract

Context.Protostars interact with their surroundings through jet$ winds impacting on the enve-
lope and creating shocks, but the nature of these shock# mstrly understood.

Aims.Our aim is to survey far-infrared molecular line emissioanfra uniform and significant
sample of deeply-embedded low-mass young stellar obj¥&©§) in order to characterize shocks
and the possible role of ultraviolet radiation in the imnaeiprotostellar environment.

Methods HerschelPACS spectral maps of 22 objects in the Perseus moleculad glere obtained
as part of the ‘William Herschel Line Legacy’ (WILL) survelyine emission from HO, CO, and
OH is tested against shock models from the literature.

ResultsObserved line ratios are remarkably similar and do not shanetions with source physical
parameters (luminosity, envelope mass). Most ratios ee @dmparable to those found &t-o
source outflow positions. Observations show good agreemihtthe shock models when line
ratios of the same species are compared. Ratios of variglslinles provide a particularly good
diagnostic of pre-shock gas densitiag,~ 10° cm3, in agreement with typical densities obtained
from observations of the post-shock gas when a compresaiiorfof order 10 is applied (for
non-dissociative shocks). The corresponding shock wasciobtained from comparison with CO
line ratios, are above 20 km's However, the observations consistently show one-to-tviers

of magnitude lower KLO-to-CO and HO-to-OH line ratios than predicted by the existing shock
models.

ConclusionsThe overestimated model,B fluxes are most likely caused by an overabundance of
H,O in the models since the excitation is well-reproducediniihation of the shocked material
by ultraviolet photons produced either in the star-diskesysor, more locally, in the shock, would
decrease the #D abundances and reconcile the models with observatioriscfimns of hot HO

and strong OH lines support this scenario.
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4.1 Introduction

4.1 Introduction

Shocks are ubiquitous phenomena where outflow-envelopmitions take place in young
stellar objects (YSO). Large-scale shocks are caused blyipiodar jets and protostellar
winds impacting the envelope along the ‘cavity walls’ cahgy the passage of the jet
(Arce et al. 2007, Frank et al. 2014). This important intéoacneeds to be characterized
in order to understand and quantify the feedback from ptate®nto their surroundings
and, ultimately, to explain the origin of the initial mass@tion, disk fragmentation and
the binary fraction.

Theoretically, shocks are divided into two main types based combination of mag-
netic field strength, shock velocity, density, and levelafization (Draine 1980, Draine
et al. 1983, Hollenbach et al. 1989, Hollenbach 1997). Imtowous’ C-type) shocks,
in the presence of a magnetic field and low ionization, theknegaupling between the
ions and neutrals results in a continuous change in the gampéers. Peak temperatures
of a few 1¢ K allow the molecules to survive the passage of the shock;misitherefore
referred to as non-dissociative. In ‘jumpl{type) shocks, physical conditions change in
a discontinuous way, leading to higher peak temperatuassithC shocks of the same
speed and for a given density. Depending on the shock veldcihocks are either non-
dissociative (velocities below about30 km s, peak temperatures of about a fewt K)
or dissociative (peak temperatures even exceedifid<).0but the moleculesféciently
reform in the post-shock gas.

Shocks reveal their presence most prominently in the iafré§iR) domain, where the
post-shock gas isfigciently cooled by numerous atomic and molecular emissioesli
Cooling from H is dominant in outflow shocks (Nisini et al. 2010b, Giannirak 2011),
but its mid-IR emission is stronglyfi@cted by extinction in the dense envelopes of young
protostars (Giannini et al. 2001, Nisini et al. 2002b, Datisl. 2008, Maret et al. 2009).
In the far-IR, rotational transitions of water vapor,(®) and carbon monoxide (CO) are
predicted to play an important role in the cooling processldémith & Langer 1978,
Neufeld & Dalgarno 1989, Hollenbach 1997) and can serve aagndstic of the shock
type, its velocity, and the pre-shock density of the meditiolienbach et al. 1989, Kauf-
man & Neufeld 1996, Flower & Pineau des Foréts 2010, 2012).

The first observations of the critical wavelength regimedst these modelst(~
45— 200um) were taken using the Long-Wavelength Spectrometer (L@I&gg et al.
1996) onboard thinfrared Space ObservatoySO, Kessler et al. 1996). Far-IR atomic
and molecular emission lines were detected toward sevarahass deeply-embedded
protostars (Nisini et al. 2000, Giannini et al. 2001, vanhdisck 2004), but its origin was
unclear due to the poor spatial resolution of the telescep8Q’, Nisini et al. 2002b,
Ceccarelli et al. 2002).

The sensitivity and spectral resolution of the Photodete&stray Camera and Spec-
trometer (PACS, Poglitsch et al. 2010) onbo#terschelallowed a significant increase
in the number of young protostars with far-IR line detecsi@mompared with the early
ISO results and has revealed rich molecular and atomic limeston both at the proto-
stellar (e.g. van Kempen et al. 2010b, Goicoechea et al.,20d12zeg et al. 2012, Visser
etal. 2012, Green et al. 2013, Karska et al. 2013, Lindbeay) 2013, Manoj et al. 2013,
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Chapter 4 — Water deficit in low-mass young stellar objecRearseus

Wampfler et al. 2013) and at pure outflow positions (Santangfedl. 2012, 2013, Codella
et al. 2012b, Lefloch et al. 2012b, Vasta et al. 2012, Nisial.€2013).

The unprecedented spatial resolution of PACS allowed l@ettahaging of L1157 pro-
viding firm evidence that most of far-IR4® emission originates in the outflows (Nisini
et al. 2010a). A mapping survey of about 20 protostars redesimilarities between the
spatial extent of KO and high-J CO (Karska et al. 2013). Additional strong flux correla-
tions between those species and similarities in the vetoetolved profiles (Kristensen
et al. 2010, 2012, San José-Garcia et al. 2013, Santangalo2i14) suggest that the
emission from the two molecules arises from the same regidns is further confirmed
by finely-spatially sampled PACS maps in CO 16-15 and varit3 lines in shock po-
sitions of L1448 and L1157 (Santangelo et al. 2013, Tafdllal.e2013). On the other
hand, the spatial extent of OH resembles the extent of §2d, additionally, a strong
flux correlation between the two species is found (Karska.e2@L3, Wampfler et al.
2013). Therefore, at least part of the OH emission mostyfikeiginates in a dissociative
J-shock, together with [@ (Wampfler et al. 2010, Benedettini et al. 2012, Wampfler
et al. 2013).

To date, comparisons of the far-IR observations with shoolets have been limited
to a single source or its outflow positions (e.g. Nisini etl@199, Benedettini et al. 2012,
Vasta et al. 2012, Santangelo et al. 2012, Dionatos et aB,A08e et al. 2013, Flower
& Pineau des Foréts 2013). Even in these studies, separaesanof each species (or
different pairs of species) often led tdfdrent sets of shock properties that needed to be
reconciled. For example, Dionatos et al. (2013) show thata@® H line emission in
Serpens SMM3 originates from a 20 knts) shock at low pre-shock densities (L0*
cm3), but the BO and OH emission is better explained by a 30-40 km& shock.

In contrast, Lee et al. (2013) associate emission from b@ha@d HO in L1448-MM
with a 40 km s C shock at high pre-shock densities 10° cm~3), consistent with the
analysis of the L1448-R4 outflow position (Santangelo e2@1.3). Analysis restricted to
H,0 lines alone often indicates an origin in non-dissociafiwhocks (Santangelo et al.
2012, Vasta et al. 2012, Busquet et al. 2014), while separstysis of CO, OH, and
atomic species favors dissociatiyshocks (Benedettini et al. 2012, Lefloch et al. 2012a).
The question remains how to break degeneracies betweenritels and how typical
the derived shock properties are for young protostars.,Asoveys of highd CO lines
with PACS have revealed two universal temperature comgsmethe CO ladder toward
all deeply-embedded low-mass protostars (Herczeg et &R,2B8oicoechea et al. 2012,
Green et al. 2013, Karska et al. 2013, Kristensen et al. 2048pj et al. 2013, Lee et al.
2013). The question is how theffiirent shock properties relate with the ‘warm’ £ 300
K) and ‘hot’ (T = 700 K) components seen in the CO rotational diagrams.

In this paper, far-IR spectra of 22 low-mass YSOs observaubasof the ‘William
Herschel Line Legacy’ (WILL) survey (PI: E.F. van Dishoeek§ compared to the shock
models from Kaufman & Neufeld (1996) and Flower & Pineau des2Es (2010). All
sources are confirmed deeply-embedded YSOs located in thetwdied Perseus molec-
ular cloud spanning the Class 0 and | regime (Knee & Sand@02Bnoch et al. 2006,
Jargensen et al. 2006, 2007b, Hatchell et al. 2007a,b, Bagis2008, Enoch et al. 2009,
Arce et al. 2010). KO, CO, and OH lines are analyzed together for this uniform-sam
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4.2 Observations

ple to answer the following questions: Do far-IR line obsgions agree with the shock
models? How much variation in observational diagnosticshafck conditions is found
between dferent sources? Can one set of shock parameters explainlattuter species
and transitions? Are there systematiffeliences between shock characteristics inferred
using the CO lines from the ‘warm’ and ‘hot’ components? Hawsock conditions vary
with the distance from the powering protostar?

This paper is organized as follows. Section 2 describesaince sample, instrument
with adopted observing mode, and reduction methods. §&pteshe results of the ob-
servations: line and continuum maps, and the extractedrsp& shows comparison
between the observations and shock models. 85 discussdis @stained in 84 and §6
presents the conclusions.

4.2 Observations

All observations presented here were obtained as part oftfilkam Herschel Line
Legacy’ (WILL) OT2 program orHerschel(Mottram et al. in prep.). The WILL sur-
vey is a study of HO lines and related species with PACS and the Heterodyneiment
for the Far-Infrared (HIFI, de Graauw et al. 2010) toward ahiased flux-limited sample
of low-mass protostars newly discovered in the reGpitzer(c2d, Gutermuth et al. 2009,
2010, Evans et al. 2009) aterschel(André et al. 2010) Gould Belt imaging surveys.
Its main aim is to study the physics and chemistry of stamfog regions in a statistically
significant way by extending the sample of low-mass protestéserved in the ‘Water
in star-forming regions with Herschel’ (WISH, van Dishoestlal. 2011) and ‘Dust, Ice,
and Gas in Time’ (DIGIT, Green et al. 2013) programs.

This paper presents thderschelPACS spectra of 22 low-mass deeply-embedded
YSOs located exclusively in the Perseus molecular cloud Tsdle 4.1) to ensure the
homogeneity of the sample (similar ages, environment, éstdrite). The sources were
selected from the combined SCUBA aS8gitzefIRAC and MIPS catalog of Jgrgensen
et al. (2007b) and Enoch et al. (2009), and all contain a aoefirembedded YSO (Stage
0 or I, Robitaille et al. 2006, 2007) in the center.

The WILL sources were observed using the line spectroscamenon PACS which
offers deep integrations and finely sampled spectral resolat@ments (minimum 3 sam-
ples per FWHM depending on the grating order, PACS Obserwéanuat) over short
wavelength ranges (0.5+2n). The line selection was based on the prior experience with
the PACS spectra obtained over the full far-infrared spécainge in the WISH and DIGIT
programs and is summarized in Table 4.A.1. Details of theerdagions of the Perseus
sources within the WILL survey are shown in Table 4.A.2.

1 httpy/herschel.esac.esa/iMbcgPACShtml/pacs_om.html
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Table 4.1— Catalog information and source properties

Object R.A. Decl. Thol Lbot  Menv Region Other names
"m9 ©’" (K)  (Lo) (Mo)
Per01 03:25:22.32 +30:45:13.9 44 4.5 1.14 L1448 Per-emb 22, L1448 IRS2, IRA2382034, YSO 1
Per02 03:25:36.49 +30:45:22.2 50 10.6 3.17 L1448 Per-emb 33, L1448 N(A), L1483, YSO 2
Per03 03:25:39.12 +30:43:58.2 47 8.4 2.56 L1448 Per-emb 42, L1448 MMS, L1448)C{I$O 3
Per04 03:26:37.47 +30:15:28.1 61 1.2 0.29 L1451 Per-emb 25, IRAS032884, YSO 4
Per05 03:28:37.09 +31:13:30.8 85 111 0.35 NGC1333 Per-emb 35, NGC1333 IRASASD3255-3103, YSO 11
Per06 03:28:57.36 +31:14:15.9 85 6.9 0.30 NGC1333 Per-emb 36, NGC1333 IRASZR) Y6
Per07 03:29:00.55 +31:12:00.8 37 0.7 0.32 NGC1333 Per-emb 3, HRF 65, YSO 18
Per08 03:29:01.56 +31:20:20.6 131 16.8 0.86 NGC1333 Per-emb54,HH 12, YSO 19
Per09 03:29:07.78 +31:21:57.3 128 23.2 0.24 NGC1333 Per-emb 50
Perl10 03:29:10.68 +31:18:20.6 45 6.9 1.37 NGC1333 Per-emb 21, HRF 46, YSO 23
Perl? 03:29:12.06 +31:13:01.7 28 4.4 5.42 NGC1333 Per-emb 13, NGC1333 IRASYBO 25
Per12 03:29:13.54 +31:13:58.2 31 1.1 1.30 NGC1333 Per-emb 14, NGC1333 IRASED) 26
Perl3 03:29:51.82 +31:39:06.0 40 0.7 0.51 NGC1333 Per-emb 9, IRAS03Z28, YSO 31
Perl4 03:30:15.14 +30:23:49.4 88 1.8 0.14 B1l-ridge Per-emb 34, IRAS033013
Perl5 03:31:20.98 +30:45:30.1 35 1.7 1.29 B1l-ridge Per-emb 5, IRASO328235, YSO 32
Perl6 03:32:17.96 +30:49:47.5 30 1.1 2.75 B1l-ridge Per-emb 2, IRAS0323239, YSO 33

Perl? 03:33:14.38 +31:07:10.9 43 0.7 1.20 B1 Per-emb 6, B1 SMM3, YSO 35
Perl8  03:33:16.44 +31:06:52.5 25 1.1 1.22 B1 Per-emb 10, B1 d, YSO 36
Per19 03:33:27.29 +31:07:10.2 93 1.1 0.23 B1 Per-emb 30, B1 SMM11, YSO 40

Per20 03:43:56.52 +32:00:52.8 27 2.3 2.05 IC 348 Per-emb 1, HH 211 MMS, YSO 44
Per21 03:43:56.84 +32:03:04.7 34 2.1 1.88 IC 348 Per-emb 11, IC348 MMS, IC348 $80 43
Per22 03:44:43.96 +32:01:36.2 43 2.6 0.64 IC 348 Per-emb 8, IC348 a, IRAS038152, YSO 48

Notes.Bolometric temperatures and luminosities are determineldding the PACS continuum values; the procedure will Iseused in Mottram
et al. (in prep.). Numbered Per-emb names come from Enodh(@089), whereas the numbered YSO names come from Jgrgehaé (2006)
and were subsequently used in Davis et al. (2008). Othecsadentifiers were compiled using Jargensen et al. (200&hull et al. (2007),
Davis et al. (2008), and Velusamy et al. (2013). Observatimstained in 2011 which overlap with Per03 and Perll arespted in Lee et al.
(2013) and Herczeg et al. (2012), respectivélyTabulated values come from Green et al. (2013), where full®8pectra are obtained. The WILL
values forTye andLyg are 48 K and 8.0 L, respectively, within 5% of those of Green et al. (203)Tabulated values come from Karska et al.
(2013) and agree within 2% of the values 29 K and 4,3®htained here. We prefer to use the previously publishagegabecause the pointing of
that observation was better centered on the IRAS4Bhe df-positions of Per17 and Per18 were contaminated by otheéincmm sources, and
therefore thel,, andLy, are calculated here without the HerschBACS points.

<NagIes1d3(ao 1enais BLiNOA SSBLI-AMOIL LITHINIAD I91PAA — + 191dv11D



4.3 Results

PACS is an integral field unit with & array of spatial pixels (hereaftspaxel¥
covering a field of view of 477 x 47”. Each spaxel measuredd.4” x 9.4”, or 2x107°
sr, and at the distance to Perseds= 235 pc, Hirota et al. 2008) resolves emission
down to ~2,300 AU. The total field of view is about 5.2308 sr and~11,000 AU.
The properly flux-calibrated wavelength ranges includ®5—70um, ~72—94um, and
~105-187um, corresponding to the second {00um) and first spectral orders- (100
um). Their respective spectral resolving power Rre2500—-4500 (velocity resolution of
Av ~70-120 km s'), 1500-25004v ~120-200 km s'), and 1000-1500Ap ~200-300
km s1). The standard chopping-nodding mode was used with a me(B)nthopper
throw. The telescope pointing accuracy is typically betten 2’ and can be evaluated to
first order using the continuum maps.

The basic data reduction presented here was performedthsihtprschel Interactive
Processing Environment v.16i¢e, Ott 2010). The flux was normalized to the telescopic
background and calibrated using observations of Neptupect&l flatfielding within
HIPE was used to increase the signal-to-noise (for detaks Herczeg et al. 2012, Green
et al. 2013). The overall flux calibration is accurate-t@0%, based on the flux repeata-
bility for multiple observations of the same target iffdient programs, cross-calibrations
with HIFI and ISO, and continuum photometry.

CustomioL routines were used to extract fluxes using Gaussian fits widd fiine
width (for details, see Herczeg et al. 2012). The totah %ine fluxes were calculated by
co-adding spaxels with detected line emission, after ekoficontamination from other
nearby sources except Per 2, 3, 10, and 18, where spatiabtiepebetween dierent
components is too small (see §3.1). For sources showing@xteemission, the set of
spaxels providing the maximum flux was chosen for each liparsgely. For point-like
sources, the flux is calculated at the central position aed tiorrected for the PSF us-
ing wavelength-dependent correction factors (see PAC®1®@bss Manual). Table 4.A.3
shows the line detections toward each source, while thebfttxes will be tabulated in
the forthcoming paper for all the WILL sources (Karska etraprep.).

4.3 Results

In the following sections, PACS lines and maps of the Per¥&@s are presented. Most
sources in this sample show emission in just the centraledp@xly a few sources show
extended emission and those maps are compared to maps ravatieengths to check
for possible contamination by other sources and their ausfldn this way, the spaxels
of the maps with emission originating from our objects aralgshed and line fluxes
determined over those spaxels. The emergent line speetthenr discussed.

4.3.1 Spatial extent of line emission

Table 4.1 provides a summary of the patterns gdk2;,-10; line and continuum emission
at 179um for all WILL sources in Perseus (maps are shown in Figs.4ahd 4.A.2).
The mid-infrared continuum and_Hine maps from Jgrgensen et al. (2006) and Davis
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Chapter 4 — Water deficit in low-mass young stellar objecRearseus

et al. (2008, including CO 3-2 observations from Hatchelle2007a) are used to ob-
tain complementary information on the sources and theftaws. For a few well-known
outflow sources, large-scale CO 6-5 maps from Yildiz et abifs) are also considered.

As shown in Table 4.1, the majority of the PACS maps toward@es YSOs do not
show any extended line emission. The well-centered continand line emission orig-
inates from a single object and an associated bipolar oufffovt2 out of 22 sources.
Among the sources with spatially-resolved extended eprissh the maps, various rea-
sons are identified for their origin as illustrated in Figl.4n the map of Per 2, contribu-
tion from three nearby protostars and a strong outflow froemtiore distant L1448-MM
source cause the extended line and continuum pattern. Bmissthe Per 12 map is
detected away from the continuum peak, but the emissionnaitigs from a large-scale
outflow from NGC1333-IRAS4A, not the targeted source. Th®Hmission in the Per
20 map is detected in the direction of the strong outflow asaxtent is only slightly
affected by the small mispointing revealed by the asymmetii¢icoum emission.

Extended emission beyond the well-centered continuumn dke case of Per 20,
is seen clearly only in Per 9 and Per 21-22. Additionally, ¢batinuum peaks for Per
3, 8, and 11 areft-center, whereas the line emission peaks on-source, dirggésat
some extended line emission is associated with the sows&lé énd not only due to the
mispointing.? Similar continuum patterns are seen in Per 6 and Per 10, bethe line
emission peaks a few spaxels away from the map center. Incagtfs, contribution from
additional outflowg sources is the cause of the dominafiitspurce line emission.

To summarize, when the contamination of other sources agid dltflows can be
excluded, Perseus YSOs show that th®H;--19; line emission is either well-confined
to the central position on the map or shows at best weak estklige emission (those
are marked with ‘e’ in Table 2). In total, 7 out of 22 sourceswstextended emission in
the H,O 2;,-10; line associated with the targeted sources. Emission in GO a@d other
H-O lines follows the same pattern (see Figure 4.A.3). Sityileompact emission was
seen in a sample of 30 protostars surveyed in the DIGIT progreen et al. 2013). In
contrast, the WISH PACS survey (Karska et al. 2013) revestieahg extended emission
in about half of the 20 low-mass protostars. There, the aimbf patterns of molecular
and atomic emission showed thag®land CO spatially co-exist within the PACS field-
of-view, while OH and [Q] lines are typically less extended, but also follow eacteoth
spatially and not KO and CO.

2 On-source observations that contained Per 3 and Per 11 athe field-of-view are discussed in separate
papers by Lee et al. (2013) and Herczeg et al. (2012), resplyct
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Table 4.1— Notes on mapped regions for individual sources

Object | Continuum Line Sources Outflows Remarks
on of on of | single multiple single multiple
Per01 | X - X - X - X -
Per02 | X - - X - X - Xc three sources (3), contam. by Per03 (1,2)
Per03 | - Xe - X - X a binary (1,4)
Per04 | X - nd nd X - X -
Per05 | X - X - X - X -
Per06 | - X - X - X? - Xc contam. by NGC1333 IRAS 2A in N-W (5)
Per07 | X - nd nd X - Xc - contam. in lines in N-W
Per08 - X Xe - X - X -
Per09 | X - Xe - X? - X? -
Perl0 | - X - X - X - Xc two sources (1,2), dominated by YSO 24 (1,2)
Perll | - X Xe - - X - Xc NGC1333 IRAS4A in N-W (5)
Per12 | X - nd nd X - Xc - contam. in lines by NGC1333 IRAS4A in N-W (5)
Perl3 | X - nd nd X? - X?
Perld | X - X - X? - X?
Perl5 | X - X - X - X -
Perl6 | X - nd nd X - X -
Perl7 - X? nd nd - X - Xc? Per18 in S-E, nodded on emission
Perl8 | X - X - X - - Xc? B1-b outflow? (2)
Per19 | X - X - X - X -
Per20 | X - Xe - X - X -
Per21 | X - Xe - X? - X? -
Per22 | X - Xe - X? - X? -

Notes. Columns 2-5 indicate the location of the continuum at LR9 and line emission peak of the;&8 2;,-1y; (179.527um) transition on
the maps (whether on orffecenter). Columns 6-9 provide information about the numdfesources and their outflows in the mapped region.
Contamination by the outflows driven by sources outside @3 field-of-view is mentioned in the last column. Extendedssion associated
with the targeted sources is denoted by 'e’. Non-detectizrsabbreviated by ‘nd’, while ‘c’ marks the contaminatidrite targeted source map
by outflows from other sources. References: (1) Jgrgensain (@006), (2) Davis et al. (2008), (3) Looney et al. (20q@),Hirano et al. (2010),
Lee et al. (2013), (5) Yildiz et al. (subm).
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Figure 4.1 — PACS spectral maps in the;8 2,,-15, line at 179um illustrating sources with ex-
tended emission due to multiple sources in one field (Perdtaenination by the outflow driven
by another source (Per 12), and associated with the targetédstar (Per 20). Even though the
emission on the maps seems to be extended in many sources@u®gahe extended emissiasr
sociated with the targeted protostar itsédfdetected only towards a few of them (see Table 2). The
orange contours show continuum emission at 30%, 50%, 70869@% of the peak value written
in the bottom left corner of each map. L1448 IRS 3A, 3B, and 8@&es and their CO 2—-1 outflow
directions are shown on the map of Per 2 (Kwon et al. 2006, ep@t al. 2000); the blue outflow
lobe of L1448-MM also covers much of the observed field. CO @utflow directions of Per 20

/ HH211 are taken from Gueth & Guilloteau (1999). Wavelengthsiicrons are translated to the
velocity scale on the X-axis using laboratory wavelengsies (Table 4.A.1) of the species and cover
the range from -600 to 600 km’s The Y-axis shows fluxes in Jy normalized to the spaxel wi¢h th
brightest line on the map in arange -0.2to 1.2.

4.3.2 Line detections

In the majority of our sources, all targeted rotational sifans of CO, HO, and OH are
detected, see Fig. 4.2 and Tables 4.A.1 and 4.A.3. Thgl{@e at 63um and the [Gi]
line at 158um will be discussed separately in a forthcoming paper iriogicll WILL
sources (Karska et al. in prep.) and are not included in thedignd further analysis.

The CO 16-15 line with an upper level enerdy,(ks) of about 750 K is seen in 17
(~80%), the CO 24-23H,,/kg ~ 1700 K) in 16 &70%), and the CO 32-3E(/kg ~ 3000
K) in 8 (~30%) sources. The most commonly detected orth®-tines are: the 2-1p;
line at 179um (E,/ks ~ 110 K) and the g4-3;3 line at 125um (E,/ks ~ 320 K), seen in
15 sources+ 70 %), whereas the;6-5¢s line at 82um (Ey/ks ~ 640 K) is detected in 13
sources{ 60 %). The para-kD line 3,,-21; at 90um (E,/ks ~ 300 K) is seen toward 9
sources{ 50 %).

Three OH doublets targeted as part of the WILL survey, the ik, J = Y2 —
My,, J = 32 at 79um, 211y, J = 7/2 - 5/2 doublet at 84um (E,/kg ~ 290 K), and?Tly,
J = 32— 12 doublet at 163:m (E,/ks ~ 270 K), are detected in 14, 15, and 13 objects,
respectively £ 60— 70 %).

142



4.3 Results

| |
Per03 | At o e A L P e

e BT N I Coo | | | | | |
e B e T L e e r e e
ELC VN W N VW S VS W CUE BV NN NIV SRR S S
e R AR N
S L et i e i ey e e R AR Rt M)
Per08 MWMMJ S
reron [ MRl AL A AL A LA A LA
(051 rlo | ”;meprl.w | | A | |
Perl0 it i s iy W e Pt s o Pt

rens [ A AT A A A o O TR

I
L e
R L e i A e O e

M_,%

Perl4 L
| | | | | | | | | |
Per15 M MM%MMMWM
|
Per16 e R e L | B e a ey o
Perl? bopp swsdmegrin g et g, frnfnalF e ||,|r..1r.,|,._,_,_.+ 11. Alr;
| |
I
|

I I
T o T sy VA | CRRRAVE I SRR W A WP LS
or [ PR I I I I
pertd WWWW@%M’“MM ;
Fer20 WWMM I I I I : i I
Per2l 1l "Hll' I P P I I I I : I
Per22 WTJ‘. ishapteachn meWMM'ﬁ-JWM
78.8 79.2 81.8 82.0 90.0 90.2 108.5 124 125 I 163I 179.5 180.5

Wavelength (um)

Figure 4.2— Line survey of deeply-embedded young stellar objects indRes at the central position
on the maps. Spectra are continuum subtracted and not turier the PSF. Line identification of
CO (red), HO (blue), and OH (light blue), are shown. Each spectrum is scate from 0 to 5 Jy
in the y-axis, with the brightest sources — Per 3, Per 9, and Pe scaled down in flux density by
a factor of 0.1, 0.5, and 0.1, respectively.

Sources without any detections of molecular lines assediaiith the targeted pro-
tostars are Per 4, 7, 12, and 17 (see Table 4.A.3). In Per 33tenlweak HBO lines
at 108 and 12m are seen, whereas in Per 16 only a few of the loweSP lines are
detected. A common characteristic of this weak-line grougbgects, is a low bolometric
temperature (all except Per 4) and a low bolometric lumiygsiee Table 4.1), always
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Figure 4.3 — Flux ratios of the HO 4y;-3;3 and CO 21-20 lines at125um calculated using
compactand extendedflux extraction regions (see text) corrected for contannimafrom other
sourceg outflows. Median values for the two configurations are showrhe dashed line. The
light blue rectangle shows the parameter space betweenitiimum and maximum values of line
ratios in the more extended configuration. The error bareaethe uncertainties in the measured
fluxes of the two lines, excluding the calibration error, ghis the same for those closely spaced
lines.

below 1.3L.. However, our sample also includes a few objects with sifyilaw values
of Lpol, that show many more molecular lines (in particular Per 8also Per 15 and 21),
so low luminosity by itself is not a criterion for weak ling3n the other hand, low bolo-
metric temperature and high luminosity is typically conieelowith strong line emission
(Kristensen et al. 2012, Karska et al. 2013).

4.3.3 Observed line ratios

Observed line ratios are calculated using the fluxes olddien the entire %5 PACS
maps in cases of extended emission where contamination l@aidoy source angor
outflows is excluded. For point sources, a wavelength-degetrPSF correction factor is
applied to fluxes obtained from the central spaxel (for detaee §2). In principle, ratios
using lines that are close in wavelength could be calculaséty smaller flux extraction
regions, and no PSF correction would be required. Howekieriransition wavelengths
of H,O are not proportional to the upper energy levels, as is tee far CO, and com-
parisons of lines tracing similar gas have to rely on lined tie far apart in wavelength.
We explore to what extent the size of the extraction regi®ecss the inferred line ratios.
Since our aim is to understand the influence of the extendéskem associated with the
source(s), the ratios of lines close in wavelength are stutdi avoid the confusion due to
the PSF variations.

Fluxes of the nearby $O 4p4-313 and CO 21-20 lines located at 124-128 are cal-
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culated first using only the central spaxebfnpact regiopand then using all the spaxels
with detected line emissiomxtended regionFig. 4.3 illustrates that the line ratios calcu-
lated in these two regions are fully consistent. Thereffethe subsequent analysis the
extended region is used for comparisons with models. Tal®el4hows the minimum
and maximum values of the observed line ratios, their mearesaand the standard de-
viations for all sources with detections.

Even taking into account the uncertainties in flux extractibe line ratios span re-
markably narrow ranges of values, see Table 4.2 for a seteofiH,O, CO, and OH line
ratios. The largest range is seen in thgdH;,-15/CO 16-15 line ratio, which spans an
order of magnitude. In all the other cases the line ratiossardlar up to a factor of a
few. The most similar are the OH line ratios whictifdi only by a factor of two, con-
sistent with previous studies based on a large sample ofiaas YSOs in Wampfler
et al. (2013). The observed similarities also imply thatlthe ratios do not depend on
protostellar luminosity, bolometric temperature, or dope mass (see Fig. 4.B.1).

Our line ratios for Perseus sources are consistent withrénaéqusly reported values
for other deeply-embedded protostars observed in the say€on source’) as tabulated
in Table 4.2. Some tlierences are found for PACS observations of shock positivay a
from the protostar (‘@ source’). Most notably, the ratios using the low excitatidyO
212-1p1 line at 179um are up to a factor of two larger than those observed in the pro
tostellar vicinity. Such dferences are not seen when more highly-excite@® Hnhes are
compared with each other, for examplg®2,,-1;0 and 44-3;3 lines, or with the high J
CO lines, for example CO 24-23. The ratios of two CO lines oleskaway from the pro-
tostar, e.g. the CO 16-15 and CO 24-23 ratios, are at the Idvokthe range observed
toward the protostellar position.

Spectrally-resolved profiles of the,B 2;,-1p; line observed with HIFI toward the
protostar position reveal absorptions at source veloeityaving about 10% of total line
flux (e.g. Kristensen et al. 2010, Mottram et al. in press). @uesolved PACS observa-
tions therefore provide a lower limit to the,® emission in the -1, line. This dfect,
however, is too small to explain theffiirences in the line ratios at the ‘on source’ an ‘o
source’ positions.
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Table 4.2— Comparison of observed;R®, CO, and OH line ratios with literature values

objeCt 2,-1p1/ 16-15 44-313/ 24-23 16-15 24-23 2o-101/ 404-313  201-110/ 404-313 OH 84/79 Ref.
Perseus (this work)
Perseus 0.2-2.4 0.2-1.1 1.2-4.6 1.3-6.3 1.4-55 1.1-2.4 is wbrk
On-source (literature)
SMM3 b 1.0:0.1 0.5:0.2 3.3:0.8 7.%1.0 3.#1.0 1.4:0.7 1)
c 0.9:0.2 0.9-0.3 4.6:1.0 4.91.0 2.3:0.8 2.41.2 Q)
r 1.0:0.1 2.0£0.7 9.4:2.3 4.7+1.0 3.10.9 n.d. 1)
SMM4 r 0.8:0.1 0.4-0.1 3.6:0.6 7.81.6 3.:1.3 1.10.5 1)
L1448-MM 2.3:1.3 1.20.7 2112 4123 2.6:1.5 1.4:0.9 2
NGC1333 14B 1.40.1 1.6:0.1 1.9-0.1 1.9-0.1 2.6:0.1 1.2:0.2 3)
Off—source (literature)
L1157 B1 4.0+0.5 - - 11.0 2.91.2 n.d. (4,5)
Bl 2.1+0.2 - - 9.2+42.2 2.8+1.0 0.9:0.5 (4,5)
B2 17.0:8.4 n.d. >0.3 >7.7 n.d. - (6)
R 5.3t2.4 >0.26 >0.5 10.6:4.7 1.8+0.8 - (6)
L1448 B2 2.304 0.4:0.3 2.80.9 15.0:6.5 3.7+1.6 - (6)
R4 8.2+3.0 >0.3 >0.9 23.249.7 3.3t1.2 - (6)

Notes.Sources in the upper part of the table refer to protostediaitipns within the PACS maps, sources in the lower part tefshock positions
away from the protostar. Ranges of line ratios calculatedPferseus sources are listed at the top. Line ratios of setine¢ exceed the Perseus
values are shown in boldface. The L1157 B1’ position referghe high-excitation CO emission peak close to the nominaltjpn of the B1
shock spot (Benedettini et al. 2012). Non-detections abeesiated with n.d. OH 8479 refers to the ratio of two OH doublets, at 84 andun®
respectively. The total flux of the 8dn doublet is calculated by multiplying by two the 8446 flux, due to the blending of the 84.4n line with
the CO 31-30 line. References: (1) Dionatos et al. (2013).€2 et al. (2013), (3) Herczeg et al. (2012), (4) Benedettial. (2012), (5) Busquet

et al. (2014), (6) Santangelo et al. (2013).
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4.4 Analysis

4.4 Analysis

The fact that multiple molecular transitions over a widegauof excitation energies are
detected, points to the presence of hot, dense gas and caedhéouconstrain the signa-
tures of shocks created as a result of outflow-envelopesdictien. In particular, the line
ratios of HO, CO, and OH are useful probes of various shock types andnedeas that
do not siffer from distance uncertainties.

Similarities between the spatial extent offdrent molecules (83.1) coupled with sim-
ilarities in the velocity-resolved line profiles among teepecies (Kristensen et al. 2010,
Yildiz et al. 2013, San José-Garcia et al. 2013, Mottram. éh gress) strongly suggest
that all highly-excited lines of CO andJ@ arise from the same gas. Somé&eliences
may occur for OH, which is also associated with dissociadivecks and can befacted
by radiative excitation (see 85). Modeling of absolute filuxes requires sophisticated
two-dimensional (2D) physical source models for the prapatment of the beam filling
factor (Visser et al. 2012). Those models also show that UAtihg alone is not dficient
to account for the high excitation lines. Hence, the focuthia analysis is on shocks.
Since the absolute flux depends sensitively on the assumitingnarea, in the subse-
guent analysis only the line ratios are compared.

In the following sections, properties of shock models amptedicted line emission
in various species are discussed (84.1) and observatierarpared with the models,
using line ratios of the same species (84.2), artbdint species (84.3). Special focus
will be given toC—type shocks where grids of model results are available ifitdrature.
Observations suggest that most of the mass of hot gasGs-tppe shocks toward the
central protostellar positions, at least fop® and CO withd < 30 (Kristensen et al.
2013, Kristensen et al. in prep.); high&€O, OH and [Q] transitions, on the other hand,
will primarily trace J-type shocks (e.g. Wampfler et al. 2013, Kristensen et al. 2013
The excitation of OH and [@ will be analyzed in a forthcoming paper; tle> 30 CO
emission is only detected towaxd30% of all sources and so is likely unimportant for the
analysis and interpretation of the data presented herg.l@rited discussion ofl— type
shocks is therefore presented below.

4.4.1 Modelline emission

Models of shocks occurring in a medium with physical comdfi§ typical for the en-
velopes of deeply-embedded young stellar objects providduable tool for investigat-
ing shock characteristics: shock type, velocity, and treegirock density of (envelope)
material.

Model grids have been published using a simple 1D geometngrefor steady-state
C andJ type shocks (Hollenbach et al. 1989, Kaufman & Neufeld 1898yer & Pineau
des Foréts 2010) or time-depend€nt J type shocks (Gusdorf et al. 2008, 2011, Flower
& Pineau des Foréts 2012). The latter are non-stationargkshavhere al-type front is
embedded in &—-type shock (Chieze et al. 1998, L&%a et al. 2004a,b). These shocks
are intermediate between pue andJ-type shocks and have temperatures and physical
extents in between the two extremes.
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C-J shocks may be required for the youngest outflows with agestlemn 16 yrs,
(Flower & Pineau des Foréts 2012, 2013, for the case of IRAS# 11). Here the
dynamical age of the outflow is taken as an upper limit of thahe shock itself, which
may be caused by a more recent impact of the wind on the ereeld®e age of our
sources is of the order of $@rs (Sadavoy et al. 2014, for Class 0 sources in Perseus)
and they should have been driving winds and jets for the bilthis period, so this
timescale is long enough for any shocks close to the soursitigqoto have reached
steady state. While we cannot exclude that a few individoatks have been truncated,
our primary goal is to examine trends across the samplekingd-J type shocks with
a single truncation age as an additional free parameteeigfitre not a proper approach
for this study. The focus is therefore placed on compa€@nrgype shock results from
Kaufman & Neufeld (1996, KN96 from now on) and Flower & Pinafas Foréts (2010,
F+PdF10 from now on) with the observations.

All models assume the same initial atomic abundances anithdyriow degrees of
ionization,x; ~ 1077 for C shocks. The pre-shock transverse magnetic field strength is
parametrized aBy = bx +/ny( cm3) uGauss, wheray is the pre-shock number density
of atomic hydrogen andl is the magnetic scaling factor, which is typically 0.1-3 lire t
ISM (Draine 1980). The value dfin KN96 and RPdF10 is fixed at a value of 1.

The main diference between the two shock models is the inclusion of giiaithe
F+PdF10 models (Flower & Pineau des Foréts 2003). As the elesiare accelerated
in the magnetic precursor, they attach themselves to gthereby charging the grains
and thus increasing the density of the ionized fluid signifilya This increase in density
has the fect of enhancing the ion-neutral coupling (Draine 19803r¢by défectively
lowering the value ob compared to the KN96 models. As a consequence, the maximum
kinetic temperature is higher in the-PdF10 models for a given shock velocity,The
stronger coupling between the ions and neutrals resultairower shocks (Flower &
Pineau des Foréts 2010), with shock widths scaling B&xnyv)~* (Draine 1980). This
proportionality does not capture the ion-neutral coupkxgctly, as, for example, the
grain size distribution influences the coupling (Guilleae®2007, 2011). The compression
in C shocks also changes with the coupling since the post-shersity depends on the
magnetic fieldngost ~ 0.8vnyb™ (e.g. Karska et al. 2013). The column density of emitting
molecules is a function of both shock width and compressictof, and as a zeroth-order
approximation the column density Ié ~ nyosex L ~ b>§1. The ionization degree is not
significantly diferent between the KN96 and-PdF10 models because it is primarily set
by the cosmic ray ionization rate, and thus thePEF10 models predict lower column
densities than the KN96 models for a given velocity and dgnsi

Another important dference is that the4fFPdF10 models take into account that mo-
lecules frozen out onto grain mantles can be released thrspugttering when the shock
velocity exceeds- 15 kms*! (Flower & Pineau des Foréts 2010, 2012, Van Loo et al.
2013). Therefore, the gas-phase column densities of mieletacked up in ices increase
above this threshold shock velocity with respect to the KM&&dels, an ffect which
applies to both CO and4®. Furthermore, KO forms more abundantly in the post-shock
gas of FPdF10 models, because keformation is included, unlike in the KN96 models
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(Flower & Pineau des Foréts 2010).

Molecular emission is tabulated by KN96 for a wide range afcshvelocities, from
v = 51to 45 kms? in steps of 5 kms', and a wide range of pre-shock densitigg
from 10* to 1P° cm2 in steps of 18° cm™. The R-PdF10 grid is more limited in
size, providing line intensities for only two values of mleck densities, namely 40
and 1§ cm3, and a comparable range of shock velocities, but calcuiatsteps of 10
kms™. Calculations are provided for CO transitions frdm= 1 - 0to J = 60— 59 in
KN96 and only up toJ = 20— 19 in F+PdF10. The two sets of models uséfelient
collisional rate cofficients to calculate the CO excitation+IFdF10 show line intensities
for many more HO transitions (in totak 120 lines in the PACS range, see §2) than in the
older KN96 grid (18 lines in the same range), which was inéehior comparisons with
the Submillimeter Wave Astronomy Satellite (SWAS, Melnétlal. 2000) and 1SO data.
KN96 use collisional excitation rates fopB from Green et al. (1993) andHPdF10 from
Faure et al. (2007). Line intensities for OH are only comguig KN96, assuming only
collisional excitation and using the oxygen chemical nelwaf Wagner & Gréf (1987).
The reaction rate cdiécients in that network are within a factor of 2 of the neweesl
by Baulch et al. (1992) and tabulated in the UMIST databasewwdfa.net, McElroy
et al. 2013), see also a discussion in van Dishoeck et al3{201

We also use CO fluxes extracted from the grid of models preddmnt Kristensen et al.
(2007), since highJ CO lines are missing in-APdF10. This grid is based on the shock
model presented in Flower & Pineau des Foréts (2003) andsdeasities from 18-10/
cm~3 and velocities from 10-50 knts (denoted as FPdF* from now on). The main
difference compared to the results fromAelF10 is that CO and 4 level populations
are not calculated explicitly through the shock; insteadlyital cooling functions are
used to estimate the relevant line cooling and only aftedte/dine fluxes are extracted
(Flower & Gusdorf 2009). Models with = 1 are used. The CO line fluxes presented here
are computed using the 3D non-LTE radiative transfer cot#H (Brinch & Hogerheijde
2010), for levels up ta) = 80—79. The CO collisional rate cfirients from Yang et al.
(2010) extended by Neufeld (2012) are used.

In the following sections, the model fluxes of selected C@OHand OH lines are
discussed for a range of shock velocities and three valugses$hock densities: 10
10°, and 16 cm. Note that the post-shock densities traced by observationselated
to the pre-shock densities via the compression factor digrgron the shock velocity and
magnetic field. IrC shocks, the compression factor is about 10 (e.g. Karska 2048).

Figure 4.1 compares model fluxes of various CO, OH, ap@ thes from the KN96
models (panels a and d) and, for a few selected CO a@lllhes, compares the results
with the F+PdF10 or F-PdF* models (panels b, c, e, and f).

4411 CO

The KN96 model line fluxes for CO 16-15, CO 21-20, and CO 29+28aown in panel

a of Fig. 4.1. The upper energy levels of these transitianatli’50 K, 1280 K, and 2900
K, respectively, while with increasing shock velocity, theakC—shock temperature in-
creases from about 400 K to 3200 K (for 10 to 40 kjsand is only weakly dependent
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Figure 4.1— Absolute fluxes of selected CO,8, and OH lines predicted by Kaufman & Neufeld
and Flower & Pineau des Foréts models and shown as a fundt&took velocity. OH 84 refers to
the OH?I1y, J = 7/2 - 52 doublet at 84m.
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on the assumed density (see Fig. 3 of KN96). Therefore, thel&Q@5 line is already
excited at relatively low shock velocities ¢10 kms?, for ny=10* cm3), whereas the
higherJ levels become populated at higher velocities. At a giverckivelocity, emis-
sion from the CO 16-15 line is the strongest due to its lowiical density,ne; ~ 9x 10°
cm3 atT=1000 K (Neufeld 2012). This situation only changes for thghleist pre-shock
densities, when the line becomes thermalized and the apioliather lines dominates.

The CO 16-15 flux from the FPdF10C-type shock models is comparable to the
KN96 flux for thev ~10 kms* shock, but increases less rapidly with shock velocity
despite the sputtering from grain mantles (panel b of Fit)).4As explained before, it
is expected that the column density and the correspondiegflixes are lower in the
F+PdF10 models. For slow shocks the higher temperatures ilatiee models compen-
sate for the smaller column density resulting in a similar T8215 flux.

In J-type shocks, the peak temperatures of the post-shock gad@de5500, 12000,
and 22000 K for the shock velocities of 10, 20, 30, and 40 Kmiespectively (Neufeld
& Dalgarno 1989, Kaufman & Neufeld 1996). For 10-20 krh shocks, these high tem-
peratures more easily excite the CO 16-15 line with respeCt-ttype shock emission.
For shock velocities above 20 km's such high temperatures can lead to the collisional
dissociation of H and subsequent destruction of CO angDHmolecules, resulting in
the decrease of CO fluxes. Thifext requires high densities and therefore the CO flux
decrease is particularly strong for the pre-shock dessit{e cm.

4412 HO

The K0 fluxes show a strong increase with shock velocities abevé0— 15 kms? in
both models, especially at low pre-shock densities (patiétsf Fig. 4.1). At this velocity,
the gas temperature exceedd00 K, so the high-temperature route of® formation
becomes #icient (Elitzur & Watson 1978, Elitzur & de Jong 1978, Berginak 1998,
KN96), which quickly transfers all gas-phase oxygen intgOHvia reactions with bl
(KN96).

In contrast to CO, the upper level energies of the observgd kihes are low and
cover a narrow range of values,, ~ 200—- 600 K. As a result, thefiect of peak gas
temperature on the # excitation is less pronounced (Fig. 3 of KN96) and after the
initial increase with shock velocity, the) @ fluxes in the KN96 models stay constant for
all lines. For high pre-shock densities, the higher lyingele are more easily excited and,
as a consequence, the fluxes of th&H6,6-505 line become larger than those of the®
212-1p1 line. The critical densities of these transitions are atfbotders of magnitude
higher than for the CO 16-15 line and the levels are still idrmally excited at densities
of 10°-10" cm 3,

The HO 2;,-1; fluxes in theC—type F+PdF10 models are remarkably similar to
those found by KN96 (panel e of Fig. 4.1), while the®4y4-313 fluxes are lower by
a factor of a few over the full range of shock velocities and-ghock densities in the
F+PdF10 models (panel f of Fig. 4.1). Lower@ fluxes are expected due to smaller
column of KO in the models with grains (84.1). For the lowdHines, the various factors
(lower column density through a shock but inclusion of icetsring and H reformation)
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apparently conspire to give similar fluxes as for KN96.

In J-type shocks, the fluxes of J@ 2;,-1p1 and 44-313 lines increase sharply for
shock velocities 10-20 knmts (panels e and f of Fig. 4). The increase is less steep at 30
km s shocks fomy=10° cm~3, when the collisional dissociation of,Hind subsequent
destruction of HO molecules occurs (fluxes for larger shock velocities ateamputed
in F+PdF10 and hence not shown). Below 30 ki $ine fluxes fromJ—type shocks are
comparable to those froi—type shock predictions except for the®l 21,-1y; fluxes
at high pre-shock densities, which are an order of magnikigleer with respect to the
C-type shock predictions. Theftirence could be due to smaller opacities for the low-
excitation BO line in thed shocks.

4413 OH

The fluxes of théITy, J = 7/2— 52 doublet at 84im (E,/kg ~ 290 K) calculated with the
KN96 models are shown with the;B lines in panel d of Fig. 4.1. Not much variation is
seen as a function of shock velocity, in particular beyorditfitial increase from 10 to
15 kms?, needed to drive oxygen to OH by the reaction with At about 15 kmst, the
temperature is high enough to start further reactions witteldding to HO production.
The trend with increasing pre-shock density is more appanéth OH fluxes increasing
by two orders of magnitude between the! 1n—2 to 16° cm3, as the density becomes
closer to the critical density of the transition.

4.4.2 Models versus observations — line ratios of the sameespes

Comparison of observed and modeled line ratios Gedént pairs of CO, kD, and OH
transitions is shown in Fig. 4.2. The line ratios are a uspfabe of molecular excita-
tion and therefore can be used to test whether the excitatittre models is reproduced
correctly, which in turn depends on density and temperatué thus shock velocity.

4421 CO line ratios

Given the universal shape of the CO ladders observed tovesaplgtembedded protostars
(see 81 and the discussion on the origin of CO ladders in Bfetpairs of CO lines are
compared with models: (i) CO 16-15 and 21-20 line ratio, esponding to the ‘warm’,
300 K component (panel a); (i) CO 16-15 and 29-28 line ratmmbining transitions
located in the ‘warm’ and ‘hot’¥ 700 K) components (panel b); (iii) CO 24-23 and 29-
28, both tracing the ‘hot’ component (panel c). All ratios aonsistent with th€-type
shock models from both KN96 and-PdF10 for pre-shock densities abaye=10* cm .
For the CO 16-121-20 ratio, a pre-shock density mf=10° cm™3 and shock velocities
of 20-30 kms? best fit the observations. Shock velocities abevgs kms* are needed
to reproduce the observations of the other two ratios atdheegpre-shock density. Alter-
natively, higher pre-shock densities with velocities beRD km s are also possible.
The KN96 C-shock CO line ratios for lower-to-highed transitions (panel b of
Fig. 4.2) decrease with velocity, due to the increase in peaiperature that allows ex-

152



4.4 Analysis

H,0 / H0 H,0 / H,0 co / co co / co co / co

OH / OH

n4=10* em” nH:105 cm™ n 4=10% cm™
lOzra) 3 1F 4
e C (KN96)
L \\.\___ 1f \ 1k C (F+PdF?) ]
10°} 1t 1k \‘- 4
CO 16—-15 / 29-28
Ib) 1 1F 1
n e C (KN96
10%¢ 4 17 c §F+Pd;“) !
r r 1r 1
102} 1 1F 1
r r ir \ 1
10°} 1 F 1
CO 24-23 / 29-28
) . .
e € (KN986)
C (F+PdF*)
1oty \\\ - \ I |
—— —
0 2p—1g / 404=313
102}4) . ;
e C (KN9B)
C (F+PdF)
o - == J (F+PdF)
10} L JL ==iaia I ]
10°} L ]
i H,0 6,6—5¢5 401=3y3
10 T T T T T T T T T T
e)
100- /_ 1l r_ -
~, ~,
[ - - C (KN96)
C (F+PdF)
== J (F+PdF)
e e b
Lo OH 84 / OH 79
f) — C (KN96)
10°} 1L 1L /\ ]
/ 7
1007 L ey e T

CO 16—15 / 21-20

10 20 30 40

v (km s™!)

10 20 30 40
v (km s™')

v (km s™)

10 20 30 40

Figure 4.2 — Line ratios of the same species using Kaufman & Neufeld L@9shock models
(KN96, solid line) and Flower & Pineau des Foréts (20€0nd J shock models (FPdF, dashed
and dashed-dotted lines, respectively). Ratios are shawanfanction of shock velocity and for
pre-shock densities of $@m2 (left), 16° cm™2 (center), and 10cm 2 (right). Observed ratios are
shown as grey rectangles.

153



Chapter 4 — Water deficit in low-mass young stellar objecRearseus

citation of the higheid CO transitions. Thefeect is strongest at low pre-shock densities
(see 84.1.1) and for the sets of transitions with the largesh inJ numbers. The CO 16-
15/29-28 line ratio AJy, = 13) decreases by almost three orders of magnitude between
shock velocities of 10 and 40 km'sover the range of pre-shock densities. In contrast,
the CO 16-15 21-20 and CO 24-2829-28 line ratios show drops of about one order of
magnitude with increasing velocity (panel a and c of Fig) 4Tlhese model trends explain
why the observed CO line ratios are good diagnostics of skieldcity.

In absolute terms, the line ratios calculated for a giveosig} are inversely propor-
tional to the pre-shock density. The largest ratios obthfioe ny=10* cm result from
the fact that the highetJ levels are not yet populated at low shock-velocities, wttike
lower-J transitions reach LTE at high shock-velocities and do notshn increase of
flux with velocity. This éfect is less prominent at higher pre-shock densities, winere t
higherJ lines are more easily excited at low shock velocities.

The F+PdF* CO line ratios, extending the Flower & Pineau des Fq&63) grid to
higher-J CO lines, are almost identical to the KN96 predictions fa-phock densities
ny=10* cm~3. For higher densities, the low-veloci6~shock models from FPdF* are
systematically lower than the KN96 models, up to almost a@eoof magnitude for 10-15
km st shocks any=10° cm3. Therefore, the pre-shock density is less well constrained
solely by CO lines.

For densities of 19cm3, shock velocities of 20-30 knts best reproduce the ratios
using only transitions from the ‘warm’ component, while skaelocities above 25 km
s~ match the ratios using the transitions from the ‘hot’ comgratnVelocities of that order
are observed in CQ = 16 — 15 HIFI line profiles (Kristensen et al. 2013, in prep.), but
higherJ CO lines dominated by the hot component have not been obtaiitle suficient
velocity resolution.

4.4.2.2 HO line ratios

Two ratios of observed D lines are compared with ti@- and J-type shock models:
(i) the ratio of the low excitation kD 2;,-19; and moderate excitation4313 lines (panel
d of Fig. 5) and (ii) the ratio of the highly-excitedB 6,5-505 and 44-313 lines (panel e).
Similar to the CO ratioSC—type shocks with pre-shock densities of Bon2 reproduce
the observations well. Based on the observations of rgti€(shocks with a somewhat
larger (F+PdF10) or smaller (KN96) pre-shock density are also paséilsla broad range
of shock velocities. On the other hand, no agreement witldtigpe shocks is found for
this low-excitation line ratio. Observations of ratio (ifjdicate a similar density range
as ratio (i) for the KN96 models, but extend to*1dn2 for the F+PdF10 models, with
agreement found for boti— andJ-type.

The model trends can be understood as follows. For 10-20 kistecks, increasing
temperature in th€ shock models from KN96 allows excitation of high-lying® lines
and causes thed 2,,-191/404-313 line ratio to decrease and the® 6,6-505/404-313 line
ratio to increase. At higher shock velocities, the forméorshows almost no dependence
on shock velocity, while a gradual increase is seen in the tesing two highly-excited
lines in the KN96 models. At high pre-shock densitiag£10° cm3), the upper level
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transitions are more easily excited and so the changes enesevaller.

The HO 2;,-101/404-313 line ratios calculated using the—type shock models from
F+PdF10 are a factor of a few larger than the correspondingsr&tom the KN96 models
(see the discussion of absolute line fluxes in Sec. 4.1.2a fesult, when compared to
observations, the-PdF10 models require pre-shock densities of at legstl0° cm,
while the KN96 models suggest a factor of few lower densiti@gerall, the best fit to
both the CO and kD line ratios is for pre-shock densities around &612.

4.4.2.3 OH line ratios

Comparison of the observed OH 84 anduf8 line ratio with the KN96C—-type models
(panel f of Fig. 5) indicates an order of magnitude highergiteck densitiesp=10°
cm~3, with respect to those found using the CO angDHatios. However, the KN96
models do not include any far-infrared radiation, whidfeets the excitation of the OH
lines, in particular the 7@m (Wampfler et al. 2010, 2013). Additionally, part of OH most
likely originates in aJ—type shock, influencing our comparison (Wampfler et al. 2010,
Benedettini et al. 2012, Karska et al. 2013, Kristensen. &(Hl3).

Similar to the absolute fluxes of the &n doublet discussed in 84.1.3, not much
variation in the ratio is seen with shock velocity. The raticreases by a factor of about
two between the lowest and highest pre-shock densities.

4.4.3 Models and observations - line ratios of dferent species

Figure 4.3 compares observed line ratios of variog® ldnd CO transitions with the C
and J-type shock models. The line ratios offféirent species are sensitive both to the
molecular excitation and their relative abundances.

4.4.3.1 Ratios of HO and CO

Comparison of observations to the KN96 andAeF10 models shows that tie-type
shocks at pre-shock density = 10° cm3, which best reproduces the line ratios of same
species, fail to reproduce the observed line ratios fiedint species (Fig. 4.3). There
are only a few cases where the observations seem to agre¢hwithodels at all. For
ny = 10° cm3, a few HO/CO line ratios fit at low velocities{ 20 kms?) (panels a,
¢ and e) but this does not hold for all ratios. Moreover, sueth $hock velocities have
been excluded in the previous section. Higher densitigss 10° cm3, are needed to
reconcile the observations of the®l 2,,-15/CO 29-28 line ratio. Observations of all the
other ratios, using more highly-excited® lines, are well below the model predictions.
The patterns seen in the panels in Fig. 4.3 can be understofmli@vs. The KN96
C type shock models show an initial rise in the@H2;,-1p; and CO 16-15 line ratios
from 10 to 15 kms! shocks (panel a), as the temperature reaches the 400 K ablésna
efficient HLO formation. Beyond this velocity, the line ratios show naiations with
velocity. The decrease in this line ratio for higher deesitfrom 10 at 1bcm3to 0.1 at
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ny=10° cm2 is due to the larger increase of the column of the populaticthé J,=16
level with density compared to the increase in th&2;, level (see Fig. 4.1 above).

Line ratios of BO 2;,-10; and higher-J CO lines (e.g. 29-28, panel b) show more
variation with velocity. A strong decrease by about an oafanagnitude and up to two
orders of magnitude are seen for the ratios with CO 24-23 and2@-28, respectively
(the ratio with CO 24-23 is not shown here). These lines, saudised in 84.1.1 and 4.2.1,
are more sensitive than,B to the increase in the maximum temperature attained in the
shock that scales with shock velocities and therefore thediis quickly rising for higher
velocities (Fig. 4.1). The decrease is steeper for models loiv pre-shock densities,
sinceny ~ 10° cm2 allows excitation of highJ CO lines at lower temperatures. At this
density, the HO/CO line ratios are the lowest and equal about unity.

Due to the lower CO 16-15 fluxes in tli&-type shock models from-HdF10 and
similar H,O 2;,-10; fluxes (Fig. 4.1), the BO-to-CO ratios are generally larger than in
the KN96 models. The exceptions are the ratios with higi€€?O which are more easily
excited, especially at low shock velocities, in the ho@ettype shocks from FPdF*.

For the same reason, the increasing ratios seen id #teck models are caused by
the sharp decrease in CO 16-15 flux for shock velogity 30 kms?, rather than the
change in the KO lines. At such high-velocities far shocks, a significant amount of CO
can be destroyed by reactions with hydrogen atoms (Flowem&d® des Foréts 2010,
Suutarinen et al. 2014). Since the activation barrier feréaction of HO with H is about
10* K, the destruction of KO does not occur until higher velocities.

Similar trends to the line ratios with 4 2;,-1¢; are seen when more highly-excited
H,O0 lines are used (panels c-f of Fig. 4.3), supporting therimetations that variations
are due to dferences in CO rather than@ lines.

4.4.3.2 Ratios of CO and HO with OH

Fig. 4.4 shows line ratios of CO orJ® with the most commonly detected OH doublet at
84um. The ratios are calculated for three values of pre-shoakitles (16, 1, and 16
cm~3) using exclusively the KN96 models, because thé8F10 grid does not present
OH fluxes.

In general, the observed @QOH, and HBO/OH ratios are similar for all sources but
much lower than those predicted by the models assuming gighdicant fraction of the
OH comes from the same shock as CO an@HKisee Sec. 5.1.). The only exception is the
CO 24-230H 84 um ratio where models and observations agree for densitits 10°
cm~3 and shock velocities below 20 km's For any other set of lines discussed here, the
observations do not agree with these or any other models.

As discussed in previous sections, the trends with shocicitglare determined
mostly by the changes in the CO lines, rather than the OHf,itaslseen in Fig. 4.1
(panel d). At shock velocities below 20 kmtghe OH model flux exceeds that of CO due
to the abundancefect: not all OH has been transferred tgHyet at low temperatures.
Due to the lower critical densities of the CO lineg;(~ 10° — 10’ cm3) compared with
the OH line @, ~ 10° cm3), the lines for various pre-shock densities often cross and
change the order in the upper panels of Fig. 4.4. The corneipgtrends in the KHO/OH
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Figure 4.4— CO to OH and HO to OH line ratios as a function of shock velocities using N9
The range of line ratios from observations is shown as fiketangles.

line ratios are similar to those of GOH, except that the variations with shock velocity
are smaller and the critical densities are more similar.

4.5 Discussion

4.5.1 Shock parameters and physical conditions

Spectrally resolved HIFI observations of the CO 10-9 andLb6ine profiles (Kristensen
etal. 2013 and in prep., Yildiz et al. 2013) as well as varidp® transitions (Kristensen et
al. 2012, Mottram et al. in press) reveal at least twftedént kinematic shock components:
non-dissociative C-type shocks in a thin layer along thetgavalls (so-called ‘cavity
shocks’) and J-shocks at the base of the outflow (also cadleat 'shocks’), both caused
by interaction of the wind with the envelope. Both shocks difeerent from the much
cooler entrained outflow gas that is observed in the lo@© line profiles (Yildiz et al.
2013).

One possible physical explanation for our observed lackaoftion is that although
the outflow structure depends on the mass entrainntgcieacy and the amount of mass
available to entrain (the envelope mass), the wind causiagshocks does not depend
on these parameters. Instead the cavity shock caused byrtbémpinging on the inner
envelope depends on the shock velocity and the density dfitiee envelope (Kristensen
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etal. 2013, Mottram et al. in press). Thus, the lack of sigaiit variation in the line ratios
suggests that the shock velocities by the oblique impadh@fiind are always around
20-30 km st.

In Section 4 the observed emission was compared primariinddels ofC—type
shock emission. Although—-type shocks play a role on small spatial scales in low-mass
protostars (Kristensen et al. 2012, 2013, Mottram et alré@sg) their contribution to CO
emission originating in levels with,, < 30 is typically less thar 50%. Since higherJ
CO emission is only detected toward 30% of the sourcesJ#tgpe shock component
is ignored for CO. For the case of,8, spectrally resolved line profiles observed with
HIFI reveal that the profiles do not change significantly véititation up toE,, = 250
K (Mottram et al. in press)J—type shock components typically contributel 0% of the
emission. It is unclear if the trend of line profiles not chiauggwith excitation continues
to higher upper-level energies, in particular all the waytaip,, = 1070 K (J = 816—707
at 63.32um). OH and [Q], on the other hand, almost certainly trace dissocialivgype
shocks (e.g., van Kempen et al. 2010b, Wampfler et al. 201t3) bull analysis of their
emission will be presented in a forthcoming paper. Thushafollowing the focus re-
mains on comparing emission to modelsmftype shocks.

Figure 4.1 summarizes theffiirent line ratios as a function of pre-shock density dis-
cussed in the previous sections. General agreement is foeteken the observations
and models when line ratios offtkrent transitions athe same speciese used (see top
row for H,O, CO, and OH examples), indicating that the excitation divildual species
is reproduced well by the models. The®iline ratios are a sensitive tracer of the pre-
shock gas density since they vary less with shock velociy those of CO. Th€ shock
models from KN96 with pre-shock gas densities in the range06f10° cm2 are a best
match to the observed ratios, consistent with values 8th®2 from theC shock mod-
els of F+PdF10. For the considered range of shock velocities, thepoession factor in
those shocks, defined as the ratio of the post-shock andhpacgas densities, varies
from about 10 to 30 (Neufeld & Dalgarno 1989, Draine & McKe&39Karska et al.
2013). The resulting values of post-shock densities, trhgehe observed molecules, are
therefore expected to be 2a0° cm3,

The CO line ratios, on the other hand, are not only sensitivdensity, but also to the
shock velocities, due to their connection to the peak teatpes attained in the shock. In
the pre-shock density range of “00° cm™3, indicated by the KO line ratios, shocks
with velocities above 20 knT$ best agree with the CO observations. Within this range of
densities, the predictions from both the KN96 ardPeF10C shock models show a very
good agreement with each other.

The ratio of two OH lines from the KN96 models compared with dbservations sug-
gest higher pre-shock densities above &3, but this ratio may beféected by infrared
pumping (Wampfler et al. 2013). Also, some OH emission trédissociative)J—shocks,
based on its spatial connection and flux correlations to [@m]ssion (Wampfler et al.
2010, 2013, Karska et al. 2013). The single spectrallytvesiiOH spectrum towards Ser
SMML1 (Fig. 3, Kristensen et al. 2013) suggests that the dartton of the dissociative
and non-dissociative shocks is comparable. Thus, obs€&@@®H and HO/OH line
ratios are only fiected at the factor2 level and the discrepancy in the bottom row of
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Figure 4.1— Ratios of line fluxes in units of erg crhs™ as a function of logarithm of density of
the pre-shock gasy . Ratios of diferent transitions of the same molecules are shown at thetop r
and line ratios comparing flierent species are shown at the bottom. Filled symbols ahérfes
show models o€ shocks (circles — from Kaufman & Neufeld, diamonds — fromvwéo & Pineau
des Foréts), whereas the empty symbols and dash-dottedshesy models of shocks (Flower &
Pineau des Foréts 2010). Colors distinguish shock vedsciti20 kms' shocks are shown in red,
30 kms?in blue, and 40 km¥ in orange.

Fig. 4.1 remains.

Overall, the observed CO and,@ line ratios are best fit witlC—shock models
with pre-shock densities 6f10° cm and velocities>20 km s, with higher velocities
needed for the excitation of the highestCO lines.

The shock conditions inferred here can be compared to thpaeatures and densi-
ties found from single-point non-LTE excitation and raliettransfer models, e.qRADEX
(van der Tak et al. 2007) and from non-LTE radiative tranafalysis of line intensity ra-
tios (Kristensen et al. 2013, Mottram et al., in prep.) tavearious sources. Typically,
densities> 10° cm™3 and temperatures of 300 K and> 700 K are required to account
for the line emission (Herczeg et al. 2012, Goicoechea @042, Santangelo et al. 2012,
Vasta et al. 2012, Karska et al. 2013, Santangelo et al. 20{i#)in this range of densi-
ties, the predictions from both the KN96 anetfFdF10C—-shock models reproduce CO
observations. However, the disconnect between predicteghmpck conditions required
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to reproduce KO and CO is puzzling (see below).

A small number of individual sources have been comparedtjréeo shock models
(Lee et al. 2013, Dionatos et al. 2013) and the conclusiomsiarilar to what is reported
here: pre-shock conditions of typically4010° cm~3, and emission originating iB—type
shocks. None of the sources analyzed previously were threrspecial or atypical, rather
these shock conditions appear to exist toward every emidgutdéostar.

At shock positions away from the protostar, dissociativean-dissociativel—type
shocks at the same pre-shock densities are typically im/tikexplain the FIR line emis-
sion (Benedettini et al. 2012, Santangelo et al. 2012, Beisqual. 2014). Oterences
between the protostar position and the distant shock pasitare revealed primarily by
our line ratios using the low-excitation,® 2;,-1o; (Table 3) and can be ascribed to the
differences in the filling factors and column densities betwieefmmediate surrounding
of the protostar and the more distant shock positions (Mottet al. in press).

4.5.2 Abundances and need for UV radiation

In contrast with the ratios of two #D or CO lines, the ratios calculated usidigferent
species do not agree with the shock models (Figure 4.1,mathav). The ratios of HO-
to-CO lines are overproduced by tBeshock models from both the KN96 and PdF10
grids by at least an order of magnitude, irrespective of 8®imed shock velocity. Al-
though there are a few exceptions (e.g. the ratio gD 12;,-1; and CO 16-15), the ma-
jority of the investigated sets of 4 and CO lines follow the same trend. Observations
agree only with slow<20 kms, J shock models, but as shown above, those models do
not seem to reproduce the excitation properly (Fig. 4.2).

The discrepancy between the models and observations islangar in the case of
the H,O-to-OH line ratios, as illustrated in Fig. 4.1. The two aslef magnitude dis-
agreement with th€ shock models cannot be accounted by any excitatik@tes for any
realistic shock parameters. Additional comparisod ghock models is not possible due
to a lack of OH predictions fod shocks in the FPdF10 models.

The CO-to-OH ratios are overproduced by about an order ofiitizde in theC shock
models, similar to the pD-to-CO ratios. The agreementimproves for fast 40 km s!)
shocks in high density pre-shock medium 10°° cm3), but those parameters are not
consistent with the line ratios from the same species.

An additional test of the disagreement between models asdrations is provided
by calculating the fraction of each species with regard ®oshm of CO, HO and OH
emission. For that purpose, only the strongest lines obseirv our program are used.
As seen in Table 4.1, the observed percentage (median}@fislabout 30 % and OH
is about 25 %. In contrast, KN96 models predict typicallyd®% of flux in the chosen
H>0 lines and only up to 2% in the OH lines.

The only possible way to reconcile the models with the olet@yus, after conclud-
ing that the excitation is treated properly in the modeldpiseconsider the assumed
abundances. The fact that the®tto-CO and CO-to-OH ratios are simultaneously over-
estimated suggests a problem with the abundanceg®@fid OH, rather than that of CO.
The scenario with the overestimateg®abundances and underestimated OH abundances
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Table 4.1— Fraction of HO and OH emission with respect to total far-IR molecular sinis

logny(cm=3) Obs. (%) KN96 models (%)

v (kms™):

20 30 40
4 29 955 926 90.0
4.5 29 91.6 86.3 8238
5 29 846 782 753
55 29 77.3 712 704
6 29 71.3 685 70.7
6.5 29 68.3 69.6 73.3

OH/ (CO+H,0+0H)

4 25 0.7 0.3 0.2
4.5 25 0.7 0.3 0.3
5 25 0.7 03 0.4
55 25 09 04 0.6
6 25 1.3 05 1.1
6.5 25 1.9 0.8 2.4

Notes.In this analysis, the following lines are used;®lines at 179.5:m, 125.4um, 108.1um,
and 90.Qum; CO lines at 162.&m, 124.2um, 108.7um, and 90.2:m; OH lines at 7ym and 84
um. Median values of the fractions calculated from 18 souvdés line detections are adopted in
case of observations (column Obs.).

would translate into a too large;B@-to-OH abundance ratio in the models. A possible and
likely solution is photodissocation of 4@ to OH and subsequently to atomic oxygen. As
noted above, some OH also comes from the dissociative steeckis [O I].

A significant shortcoming of all these shock models lies eirtinability to account
for grain-grain interactions, which has been shown to §icgnitly alter the structure of
the shocks propagating in dense media ¢ 10° cm3, Guillet et al. 2007, 2009, 2011).
These grain-grain interactions mostly consist of coaguataporization, and shattering
effects dfecting the grains. Their inclusion in shock models necatesita sophisticated
treatment of the grains, especially following their chaegel size distribution (Guillet
et al. 2007). Most remarkably, such interactions evenjuabult in the creation of small
grain fragments in large numbers, which increases the dotstl grain surface area and
thereby changes the coupling between the neutral and thgeth#iuids within the shock
layer. The net fect is that the shock layer is significantly hotter and thir{@uillet et al.
2011), which in turn fiects the chemistry and emission of molecules (Guillet &2G09).

Unfortunately, at the moment these models are computdlyoegpensive and are
not well-suited for a grid analysis; moreover, the solutsidound by Guillet et al. do
not converge for preshock densities of®1@n2 or higher. A recent study by Anderl
et al. (2013) shows that it is possible to approximate thé&ets in a computationally
efficient way, and subsequently evaluated the line intensitieSO, OH and HO on
a small grid of models. When including grain-grain inteiags, CO lines were found
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to be significantly less emitting than in ‘simpler’ modeldhile a smaller decrease was
found for O lines, and a small increase for OH. These trends probaibipetd to be
systematically investigated on larger grids of models kefbey can be applied to our
present comparisorfferts.

Regardless of thefiect of grain-grain interactions, Snell et al. (2005) invibkeveral
scenarios to reconcile high absoluteg@fluxes with the shock models for the case of
supernova remnants. These include (i) the high ratio of etéonmolecular hydrogen,
which drives BO back to OH and O, (ii) freeze-out of,® in the post-shock gas, (iii)
freeze-out of HO in the pre-shock gas, and (iv) photodissociation g®hh the pre- and
post-shock gas. Due to the high activation barrier of th®H H — OH + H; reaction
(~ 10* K), the first scenario is not viable. The freeze-out in thetyst®ck gas (i) is not
effective in the low density regions considered in Snell et2006), but can play a role
in the vicinity of protostars, where densities abev&0® cm™3 are found (e.g. Kristensen
et al. 2012, this work). However, this mechanism alone wowatdexplain the bright OH
and high-J H2O lines seen toward many deeply-embedded sources (e.gk&Keatsal.
2013, Wampfler et al. 2013). A similar problem is related te treeze-out in the pre-
shock gas (iii), which decreases the amount of e.g. O, OHH@in the gas phase for
shock velocities below 15 kns

Therefore, the most likely reason for the overproductiodgd in the current gener-
ation of shock models, at the expense of OH, is the omissidheofffects of ultraviolet
irradiation (scenario iv) of the shocked material. The pnee of UV radiation is directly
seen in Lye emission both in the outflow-envelope shocks (Curiel et 8951 Walter
et al. 2003) and at the protostar position (Valenti et al.R0@ng et al. 2012). Addition-
ally, UV radiation on scales of a few 1000 AU has been infefreth the narrow profiles
of 13CO 6-5 observed from the ground toward a few low-mass prategBpaans et al.
1995, van Kempen et al. 2009a, Yildiz et al. 2012)0Htan be photodissociated into OH
over a broad range of far-UV wavelengths, including byd,yand this would provide an
explanation for the disagreement between our observaindshe models. Photodisso-
ciation of CO is less likely, given the fact that it cannot besdciated by Lye and only
by very hard UV photons with wavelengtksl000 A. The lack of CO photodissociation
is consistent with weak [@ and [Cu] emission observed toward low-mass YSOs (Yildiz
et al. 2012, Goicoechea et al. 2012, Karska et al. 2013). &ptisitions away from the
protostars, on the other hand, the bow-shocks at the tipegirtbtostellar jets can produce
significant emission in the [€ (van Kempen et al. 2009a). Therefore, it is unlikely that
lower line excitation at those positions is due to the we&RérThe differences seen in
the resolved line profiles (e.g. Santangelo et al. 2012 ,aVasal. 2012, Mottram et al.
in prep.) indicate that the lower column densities involaeel the more likely reason for
differences in the excitation.

Visser et al. (2012) proposed a scenario in which the loyiaglCO transitions ob-
served with PACS (14 J, < 23) originate in UV-heated gas and highértransitions
(Ju > 24) in shocked material. All water emission would be asgediavith the same
shocks as responsible for the higlle€O emission with less than 1% of the water emis-
sion coming from the PDR layer. Although not modeled exglicthe UV irradiation
from the star-disk boundary impinging on the shocks nalyiedcounts for the lower
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H,0 abundance. The authors predict that while the dynamideediot layers where both
shocks and UV irradiation play a role will be dominated by #ecks, only the UV
photons penetrate further into the envelope, where therdigsavould resemble the qui-
escent envelope. The lower-temperature UV-heated gasiiaed been observed to be
guiescent on the spatial scales of the outflow cavity thraafggervations of mediuni-
13CO lines (Yildiz et al. 2012, subm.).

Flower & Pineau des Foréts (2013) proposed a model whereradiseon originates
in a non-stationary shock wave, wherd-atype shock is embedded inGx-type shock.
Without a detailed modeling of individual sources basedidiieent source parameters it
is not possible to rule out any of these solutions. Howewer ttends reported here sug-
gest that it is possible to find a pure shock solution, in agesg with Flower & Pineau
des Foréts (2013), as long as UV photons are incorporatedotdde dissociation of
H,0. Complementary observations, preferably at higher amgekolution, are required
to break the solution degeneracy and determine the relatigehe shocks and UV pho-
tons play on the spatial scales of the thickness of the cawaty Models whose results
depend sensitively on a single parameter such as time, @ out by the fact that the
observed line ratios are so similar across sources.

4.6 Conclusions

We have compared the line ratios of the main molecular cgdimes detected in 22
low-mass protostars usirderschelPACS with publicly available one-dimensional shock
models. Our conclusions are the following:

e Line ratios of various species and transitions are remdylsiinilar for all observed
sources. No correlation is found with source physical patans.

¢ Line ratios observed toward the protostellar position amststent with the values
reported for the positions away from the protostar, excepsbme ratios involv-
ing the low-excitation HO 2;,-1p; line. Coupled with the larger absolute fluxes of
highly-excited HO and CO lines at the protostellar positions, this indicétes
lines at distant fi-source shock positions are less excited.

e General agreement is found between the observed line @ftihe same species
(H20, CO, and OH) and th€ shock models from Kaufman & Neufeld (1996) and
Flower & Pineau des Foréts (2010). Ratios gfHare particularly good tracers of
the density of the ambient material and indicate pre-shecisities of order 10
cm~3 and thus post-shock densities of orde? &61~3. Ratios of CO lines are more
sensitive to the shock velocities and, for the derived rasfgere-shock densities,
indicate shock velocities above 20 knis

e Ratios of CO lines located in the ‘warm’ component of CO laddevith T ~300
K) are reproduced with shock velocities of 20-30 krhand pre-shock densities of
10° cm3. The CO ratios using the lines from the ‘hot’ componéht(>700 K)
are better reproduced by models with shock velocities aB&van s.
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4.6 Conclusions

e Alack of agreementis found between models and the obseineditios of difer-
ent species. The4D-to-CO, HO-to-OH, and CO-to-OH line ratios are all overpro-
duced by the models by 1-2 orders of magnitude for the mgjofithe considered
sets of transitions.

e Since the observed molecular excitation is properly repced in theC shock mod-
els, the most likely reason for disagreement with obseswaatis the abundances in
the shock models, which are too high in case gbHand too low in case of OH. In-
voking UV irradiation of the shocked material, togetherhnatdissociativel shock
contribution to OH and [G], would lower the HO abundance and reconcile the
models and observations.

New UV-irradiated shock models will allow us to constraire tbV field needed to
reconcile the shock models with observations (M. Kaufmaiv, pomm.) Those models
should also account for the grain-grain processing, whitdces significantly the shocks
structure at densities 10° cm™2 (Guillet et al. 2011). Theféects of shock irradiation
as a function of the distance from a protostar will help toenstand the dierences in
the observed spectrally-resolved lines from HIFI at ‘onrsetand distant shock-spot
positions.
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Appendix

4.A Supplementary material

Table 4.A.1 provides moleculaatomic information about the lines observed in the WILL
program.

Table 4.A.2 shows the observing log of PACS observationkdiicg observations
identifications (OBSID), observation day (OD), date of aliaéon, total integration time,
and pointed coordinates (RA, DEC).

Table 4.A.3 informs about which lines are detected towaedRRerseus sources. The
full list of line fluxes for all WILL sources including Persswvill be tabulated in the
forthcoming paper (Karska et al. in prep.).

Figures 4.A.1 and 4.A.2 show line and continuum maps arou®dsl:m for all the
Perseus sources in the WILL program.

Figure 4.A.3 show maps in the;® 4,3-3;2 line at 78.74um, OH 84.6um, and CO 29-
28 at 90.16:m for Perl, Per5, Per9, and Per20, all of which show briglketéimission and
centrally peaked continuum. The lines are chosen to beddazbse in the wavelength
so that the variations in the PSF does not introduce significhanges in the emission
extent.

Table 4.A.4 summarizes observed and modeled line ratias insthe Analysis sec-
tion.
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Table 4.A.1— Atomic and molecular datdor lines observed in the WILL program

Species Transition Wave Fréq. Euks Ay
(um)  (GHz)  (K) (sh
H>O 251-212 180.488 1661.0 194.1 3.1(-2)
H>O 210-101 179.527 1669.9 114.4 5.6(-2)
OH 32,12-1/2,12  163.398 1834.7 269.8 2.1(-2)
OH 32,12-1/2,12  163.131 1837.7 270.1 2.1(-2)

co 16-15 162.812 18413 7517 4.1(-4)
[Cul  2Py,-2Py, 157.74 2060.0 326.6 1.8(-5)
HO  4os-313 125354 2391.6 3195 1.7(-1)
co 21-20 124.193 2413.9 1276.1 8.8(-4)
co 24-23 108.763 2756.4 1656.5 1.3(-3)
H,O  2-10 108.073 2774.0 1941 2.6(-1)
Co 29-28 90.163 3325.0 2399.8 2.1(-3)
HO 30211 89.988 3331.5 296.8 3.5(-1)
H,O 71707 84.767 3536.7 1013.2 2.1(-1)

OH 72325232 84596 3543.8 290.5 4.9(-1)
OH 72325232 84.420 35512 291.2 2.5(-2)

co 31-30 84.411 3551.6 27353 2.5(-3)
H:O 616508 82.032 3654.6 6435 7.5(-1)
co 32-31 81.806 3664.7 2911.2 2.7(-3)
co 33-32 79.360 3777.6 30925 3.0(-3)

OH Y212-323> 79.182 3786.1 181.7 2.9(-2)
OH 12123232 79.116 3789.3 181.9 5.8(-3)

H,O 61550 78.928 3798.3 781.1 4.6(-1)
HO 45312 78.742 3807.3 4322 4.9(-1)
H,O 815707 63.324 47343 1070.7 1.8

[O1] 3P 3P, 63.184 47448 227.7 8.9(-5)

Notes. @ Compiled using the CDMS (Milller et al. 2001, 2005) and JPIcKett et al. 1998)
databased? Frequencies are rest frequenci®s A(B) = A x 10°
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Table 4.A.2— Log of PACS observations

Source OBSID oD Date Total time RA DEC
(s) ™9 "
Per01 1342263508 1370 2013-02-12 851 32522.32304513.9
1342263509 1370 2013-02-12 1986 32522.32304513.9
Per02 1342263506 1370 2013-02-12 851 325 36.4830 45 22.2
1342263507 1370 2013-02-12 1986 32536.49304522.2
Per03 1342263510 1370 2013-02-12 851 32539.12304358.2
1342263511 1370 2013-02-12 1986 32539.12304358.2
Per04 1342264250 1383 2013-02-25 851 326 37.4i730 15 28.1
1342264251 1383 2013-02-25 1986 32637.4%301528.1
Per05 1342264248 1383 2013-02-25 851 328 37.0831 13 30.8
1342264249 1383 2013-02-25 1986 32837.09311330.8
Per06 1342264247 1383 2013-02-25 1986 32857.3631 14 15.9
1342264246 1383 2013-02-25 851 32857.363114 15.9
Per07 1342264244 1383 2013-02-25 1986 329 00.5531 12 00.8
1342264245 1383 2013-02-25 851 32900.55311200.8
Per08 1342264242 1383 2013-02-25 1986 329 01.5631 20 20.6
1342264243 1383 2013-02-25 851 329 01.5631 20 20.6
Per09 1342267611 1401 2013-03-15 1986 32907.4812157.3
1342267612 1401 2013-03-15 851 32907.78312157.3
Per10 1342267615 1401 2013-03-15 1986 32910.681 18 20.6
1342267616 1401 2013-03-15 851 32910.68311820.6
Per1l 1342267607 1401 2013-03-15 1986 32912.06311301.7
1342267608 1401 2013-03-15 851 32912.06311301.7
Per12 1342267609 1401 2013-03-15 1986 329 13.5431 1358.2
1342267610 1401 2013-03-15 851 32913.54311358.2
Per13 1342267613 1401 2013-03-15 1986 32951.881 39 06.0
1342267614 1401 2013-03-15 851 32951.82313906.0
Per14 1342263512 1370 2013-02-12 1986 33015.14302349.4
1342263513 1370 2013-02-12 851 33015.14302349.4
Per15 1342263514 1370 2013-02-12 1986 33120.983045 30.1
1342263515 1370 2013-02-12 851 33120.983045 30.1
Perl16 1342265447 1374 2013-02-16 1986 33217.963049 47.5
1342265448 1374 2013-02-16 851 33217.96304947.5
Per17 1342263486 1369 2013-02-11 1986 33314.38107 10.9
1342263487 1369 2013-02-11 851 33314.383107 10.9
Per18 1342265449 1374 2013-02-16 1986 33316.44310652.5
1342265450 1374 2013-02-16 851 33316.44310652.5
Per19 1342265451 1374 2013-02-16 1986 33327.28107 10.2
1342265452 1374 2013-02-16 851 33327.293107 10.2
Per20 1342265453 1374 2013-02-16 1986 34356.52820052.8
1342265454 1374 2013-02-16 851 34356.52320052.8
Per21 1342265455 1374 2013-02-16 1986 34356.8432 03 04.7
1342265456 1374 2013-02-16 851 34356.8432 03 04.7
Per22 1342265701 1381 2013-02-23 1986 344 43.9632 01 36.2
1342265702 1381 2013-02-23 851 344 43,9632 01 36.2
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Table 4.A.3— Line detections toward our Perseus sources
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Figure 4.A.1— PACS spectral maps in the.@ 2;,-15, line at 179.527:m. Wavelengths in microns
are translated to the velocity scale on the X-axis usingriooy wavelengths of the species and
cover the range from -600 to 600 kmtsThe Y-axis shows fluxes normalized to the spaxel with the
brightest line on the map in a range -0.2 to 1.2. The orang®ohshow continuum emission at
30%, 50%, 70%, and 90% of the peak value written in the bot&ftrcbrner of each map.
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3‘ Table 4.A.4— Observed and model line ratios based on Kaufman & Neufégg)L
Line 1 Line 2 Observed line ratios ModelsG shock (KN96)
Line 1/ Line 2 loghy=4 logny=5 logny=6

N Min Max Mean Std] =20 30 40 | 20 30 40 ] 20 30 40|

CO 16-15 21-20 17 1.2 2.5 1.7 0.4 4.4 2.9 2.4 2.7 1.4 10| 0.8 05 05
CO 16-15 24-23 16 1.2 4.6 2.3 0.9 116 5.7 4.2 6.2 21 13| 09 05 04
CO 16-15 29-28 10 1.9 8.3 3.8 1.8 722 314 22| 191 55 05| 113 27 03
CO 21-20 29-28 10 14 41 2.2 0.8 16.5 11.7 2.9 6.6 4.1 09| 46 27 06
H20 215-101  404-313 15 13 6.3 3.0 1.6 6.7 5.3 4.6 15 1.3 12| 0.7 07 07
H20 25-101  616-505 13 0.7 5.9 2.4 1.8 8.1 4.7 3.8 1.3 0.8 07| 0.3 02 02
H20 251-110  404-313 16 14 5.5 2.8 1.4 4.2 3.6 3.3 2.3 2.0 18| 15 1.3 13
H20 21-110 616505 13 0.9 5.5 2.1 1.3 5.0 3.2 2.7 2.0 1.2 10| 0.6 04 04
OH 84 OH 79 14 11 2.4 1.7 0.3 0.6 0.7 0.8 0.8 0.9 09| 14 1.3 11

H,O 2,-1; CO16-15| 16 0.2 2.4 0.9 0.8 18.8 10.6 80| 04 0.4 04| 0.1 01 01
H,O 21-1,0 CO24-23| 16 0.6 3.8 1.7 1.0 135.7 411 242 225 7.0 48| 3.0 2.2 25
HyO 3,-2;7 CO29-28| 9 0.7 2.1 1.2 0.4| 51.9 11.6 6.7 | 45.3 8.3 47| 6.6 2.2 2.0
H,0 40s-3;13 CO16-15| 15 0.1 0.5 0.3 0.1 28 2.0 1.7 1.6 1.7 19| 22 3.6 5.4
H,0 404-3;3 CO21-20| 15 0.2 0.9 0.5 0.2 123 5.8 4.2 4.2 2.3 20| 17 2.0 2.6
H,0 6,6-55s CO16-15| 13 0.1 1.0 0.5 0.3l 23 2.2 2.1 | 0.05 0.07 0.1| 0.01 0.02 0.04
H,0 6,6-55s CO21-20| 13 0.2 1.4 0.7 0.4/ 10.2 6.5 5.1 0.1 0.1 0.1 0.01 0.01 0.02
H,O 616-5s CO24-23| 13 0.4 1.6 0.9 0.5 27.0 12.7 8.8 | 11.2 5.7 47| 5.2 5.0 6.4
H,O 6,6-55s CO32-31| 8 1.2 4.6 3.0 1.1} 576.3 91.6 43.3| 1654 28.1 15.6/ 28,6 6.6 5.5
H,0 215-15;  OH 84 15 0.1 4.2 1.2 1.3] 182.2 4228 4294 725 140.7 98.6 154 37.0 21.2
H,0 3-2;7 OH 84 9 02 0.8 0.4 0.2 7.0 24.2 32.4| 43.9 97.3 71.2] 28.8 653 36.5
CO 16-15 OH 84 15 04 2.8 11 0.7, 9.7 40.0 54.0| 30.4 64.6 415 96 142 55
CO 24-23 OH 84 15 0.2 11 0.5 0.3l 0.8 7.0 12.7| 4.9 30.3 30.8/ 10.6 30.8 151

Notes.Number of YSOs with detections of the two lines in the rati, (Ninimum (Min) and maximum (Max) value of the ratio, meatiocaalue
(Mean) and standard deviation (Std) is given for the obsklve ratios. Model line ratios are calculated for threauesl of pre-shock densities,
ny=10% 1P, and 16 cm3, and three values of shock velocities;20, 30, and 40 kms. See Table 4.A.1 for the full identifiers of the lines.
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4.B Correlations with source parameters
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Figure 4.B.1- H,0O-to-CO line ratios and, from left to right, bolometric teenpture, bolometric
luminosity, and envelope mass. The ratios are calculated) Umes at nearby wavelengths for
which the same, limited to the central spaxel, extractigiomris considered. Shown are line ratios
of the H,O 2;,-10; line at 179um and CO 16-15 at 16@m (top), the HO 4y4-3;3 and CO 21-20
lines at about 12am (middle), and the KD 2,;-1;9 and CO 24-23 lines at about 108 (bottom).
Red and blue symbols correspond to sources Wjth 70 and> 70 K, respectively. Black rim is
drawn for the sources with detections of CO 29-28 line.

4.B Correlations with source parameters
Figure 4.B.1 shows selected,®-t0-CO line ratios as a function of source physical pa-

rameters (bolometric luminosity, temperature, and emp&loass). Lack of correlation is
seen in all cases.
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